Diimide, HN=NH, an unstable hydrogen donor that can only be generated in situ, finds broad application in the reduction of C=C bonds.
Diimide, HN=NH, an unstable hydrogen donor that can only be generated in situ, finds broad application in the reduction of C=C bonds. 1 One of the advantages of diimide reduction is not undergoing hydrogenolysis as is often the case with catalytic hydrogenations. The mechanism of the reaction is known to involve hydrogen transfer of (Z)-diimide via a nonpolar cyclic transition state and the stereochemistry of addition is syn.
2 A number of relative reactivity studies have been carried out on alkyl-substituted alkenes and dienes. Generally, as alkenes or dienes are more substituted with alkyl groups on the double bonds, the reactions proceed slower. The relative reactivities of alkenes often have been theoretically interpreted in terms of torsional/angle strain and α-alkyl substituent effects. 3 Most theoretical researches on the diimide reduction of olefins and polyenes were limited to the studies of the relative rates based on experimental data, but systematic accounts on the regio-selectivity of the diimide reduction are scarce. We were interested in understanding the regio-selective diimide reduction of dienes and polyenes including a speciallized example as in the stereoselective conversion for constructing the steroidal side chain (from 1 to 2). 4 We investigated the regio-selectivity of the diimide reduction in various dienes by analyzing the energies of the transition states (TSs) of the reaction for each of two the differently substituted center ('m' vs. 'n'). Here the 'n' indicates less substituted olefenic center than 'm'. In case of tetrasubstituted dienes, the 'TSn' corresponds to a system lower in calculated energy than the 'TSm'. The relative reactivity was analyzed by comparing two TSs energies, 5 and interpreted in terms of substituent effects (steric and/or electronic).
All ab initio calculations were carried out using GAUSSIAN-98 programs. 6 The electronic energies of TSs were calculated using DFT (B3LYP/6-311+G(d,p)) method. 5 The optimized TSs were further confirmed by calculating vibrational frequencies, which was obtained as only one negative frequency, indicating the computed TSs were true ones. According to the Curtain-Hammett principle, 7 the compound ratio, P m /P n depends on the relative energies of the transition states, E ‡ TSm
The calculation results are shown in Table 1 . Regarding to regio-selectivity on dienes, the diimide reduction is predicted to prefer less substituted C=C bonds ('n' center) in general. In other words, the total TS energies of 'n' center (E ‡ TSn ) are shown to be lower than the energies Total energies (hartree) for TSs of diimide reduction to 'n' center in olefin.
The number in parenthesis is calculated % product via 'TSn' at 300 o K.
of 'm' center (E ‡ TSm ). The steric effect dominates in controlling the selectivities. For an example of 1-methyl-1,3-cyclohexadiene, 8 the value E ‡ TSn is lower than E ‡ TSm by 1.96 kcal/mol (entry 1), and the 'n' reduction is predicted by 96% at 300 o K based on the Curtain-Hammett principle. For 2-methyl-1,3-cyclohexadiene, the value ∆E ‡ increased to 3.49 kcal/mol (entry 2), which may be ascribed to the proximal methyl substituent. The similar trend is observed in Mesubstituted-1,4-cyclohexadienes (entry 6-8, system B).
With introducing F substituent in system B (entry 9-11), the similar trend as in Me-substituted derivatives with higher ∆E ‡ is observed. The value ∆E ‡ is 2.83 kcal/mol for 1-fluoro-1,4-cyclohexadienes (cf. 1.86 kcal/mol for 1-methyl-1,4-cyclohexadienes in entry 6). For tetra-substituted-1,4-cyclohexadienes (entry 12-14), the selectivity of reduction on double bonds increases with order of substituents Me > Cl > F. This trend, however, cannot be interpretated simply by a correlation between the relative reactivity and the steric factor. This suggests a special electronic effect is present in this example.
With introducing trifluoromethyl group, more electronwithdrawing than methyl, in system B (entry 18), the value ∆E ‡ is decreased to 0.91 kcal/mol (cf. 2.97 kcal/mol for 1,2-dimethyl-1,4-cyclohexadiene). Considering the CF3 may be a sterically bulkier group than CH3, it apparently indicates that the diimide reduction can be accelerated by the presence of an electron-withdrawing substituent. 9 For 1,2-difluoro-1,4-cyclohexadiene, ∆E ‡ is predicted by 5.92 kcal/mol (cf. 4.46 kcal/mol for 1,2-dichloro derivative), which seems an opposing result based on the electronic effect. It is ascribed to an extra steric effect by the proximal substituent groups (1.353 for C-F bond-length, and 1.751 Å for C-Cl bondlength, see Figure 1 ).
In allene derivatives (system C), less substituted center is reduced as shown in other dienes (entry 15-16). A strain effect may involve in this example as explained in previous experimental results. 10 This result shows the diimide reduction prefers the cyclopropylic double bond side ('n' center) which may result in a possible relief of the strain energy through the TS (entry 17).
In summary, our predictions show diimide reduction prefers the less substituted and the more strained double bond. These results are in good agreement with conventional investigations. While the regio-selectivity of the diimide reduction on dienes is mainly controlled by steric effects of the substituents, the selectivity is shown to depend on the electronic effects of the substituents (particularly, CH 3 vs. CF 3 , for entry 7 and 18). This provides an evidence that the diimide reduction may be facilitated by the electronwithdrawing group. indicates the relative stability from the disubstituted 'm' center (kcal/mol).
